Background: Female athletes have a higher rate of anterior cruciate ligament (ACL) injury than males from adolescence and into maturity, which is suggested to result from sex-specific changes in dynamic movement patterns with maturation. Few studies have studied movement strategies and response to fatigue in children.
An acute anterior cruciate ligament (ACL) rupture is a devastating knee injury that involves months of rehabilitation, regardless of whether the ligament is reconstructed. Such serious knee injury may increase risk of early onset and rapid progression of osteoarthritis (OA) of the knee joint 1, 23 and it is therefore of great importance to improve strategies toward injury prevention. Most ACL injuries are noncontact in nature 17 and typically occur within the first 100 ms after the foot touches the ground. 16, 18, 20 The injury primarily occurs as a result of anterior shear force at the knee, in particular when coupled with valgus, varus, and internal rotation moments that may significantly affect ACL loading. 6 The number of knee injuries in children and adolescents increases with age, 19, 29, 32, 40 and over 30% of young soccer players' injuries leading to absence from practice are reportedly joint and ligament injuries, 32 with greater injury incidence toward the end of each half. 29 Through puberty, girls see a greater increase in ACL injury rates than boys, 40, 44 and from adolescence into maturity, female athletes have a higher ACL injury rate than males when adjusted to equal time spent at practice and competition of the same sports. 3 Clinical tests to evaluate risk of ACL injury include the drop-jump (DJ) task, where strategies such as limb dominance (reliance on one over the other leg) and greater knee valgus and knee flexion angles are observed. 8, 27 Biomechanical studies on risk factors that may explain greater female risk of noncontact ACL rupture have primarily been conducted on high-level, mature athletes. Sex-dependent differences in neuromuscular control of lower limb biomechanics, in particular knee joint loading, are thought to contribute to the female ACL injury mechanism. 15, 43 Asymmetry in multiplanar lower limb movement patterns is thought to increase the risk of injury in females. 11, 26, 33 Fatigue may further induce multiplanar changes in kinematic and kinetic factors during functional tasks, which may make the knee more susceptible to injury. 5, 25, 35 Furthermore, fatigue has been shown to affect females differently than males during testing of landing mechanics. 15, 22, 25 The assumption has been made that prepubertal girls and boys use similar movement strategies during sports play, 10, 45 and sex-specific changes in dynamic movement patterns with maturation have been suggested to explain the increase in ACL injury rates in females seen through puberty. 7, 9 Increased power, strength, and coordination with maturation of males, while females show little corresponding change, are among factors that have been suggested to predispose females to noncontact ACL injury. 30, 37 A few recent biomechanical studies on adolescents and children have been performed, indicating that biomechanical differences may exist at an earlier age 12, 13, 24, 36, 45 while others have not shown differences. 7 Biomechanical risk factors for ACL injury and the effects of fatigue have been studied extensively in mature athletes of both sexes but less in younger age groups. More research is needed to provide greater insight into functional movement patterns of children who regularly train and compete in sports and the effects of fatigue on performance. If modifiable risk factors are identified in young athletes, these may provide a rationale for developing screening and training protocols for children to lower risk of serious knee injury as they mature. The aim of this study was to examine movement patterns of young athletic children to identify sex-dependent differences and fatigue-induced changes in select biomechanical factors in a population of athletic children during a DJ task. Primary outcomes included sagittal and frontal plane kinematic and kinetic variables of the knee joint, as well as the vertical ground reaction force (vGRF) and its relation to knee joint kinematics during the early landing phase of a DJ task. Trunk kinematics were assessed as a secondary outcome to strengthen interpretation of results. We hypothesized that differences would be found between the sexes in biomechanical outcome measures and that fatigue would result in altered outcomes in both boys and girls.
METHODS

Study Design and Recruitment
The data analyzed for this study are baseline data of a cluster randomized controlled trial. The protocol was approved by the National Bioethics Committee and the Data Protection Authority. Participants were recruited from children aged 10 to 11 years (N ¼ 116; 68 females and 48 males; mean age, 10.4 years) who were registered athletes in team handball or football (soccer) at local athletic clubs. Exclusion criteria were history of torn knee ligaments or muscles of the lower extremities, intraarticular corticosteroid injection within the previous
Data Collection
After warming up on a stationary bicycle for 5 minutes and performing preparatory self-initiated jumps, participants performed 5 repetitions of a DJ task from a 25-cm-high platform according to standardized instructions asking them to drop from the box, land on both feet, and jump as high as they could. The test is appropriate for evaluating risk factors for noncontact ACL injury. 8 A fatigue protocol was then implemented, after which the subject performed another set of DJ tasks. To fatigue the lower extremity muscle groups, a slide board was used. Bumpers were located on each end of the board with the distance between them set at 1.5 times the participant's leg length. The participants stood on the board, pushed laterally off one bumper and glided to the other side of the slide board, where the same movement was performed to glide back, maintaining a slightly flexed position throughout the protocol. The task ensures multiplanar exertion through both lower limbs. This was repeated for 5 minutes, gradually increasing the effort at the end of each of the first 4 minutes to maximal effort during the last minute, after which the motion analysis protocol was repeated. After the fatigue protocol, participants rated their level of fatigue from 0 (none) to 10 (exhausted) on a numeric rating scale (NRS). 28 An 8-camera Qualisys Oqus 300 motion capture system (Qualisys AB) was synchronized to 2 force platforms (AMTI) embedded into the laboratory floor. Qualisys track manager (QTM) software simultaneously recorded marker and force plate data, sampling at 200 Hz. A total of 46 retroreflective markers were used to define and track trunk, pelvis, and bilateral thigh, shank, and foot segments. A static measurement was used to define segments and joint centers based on anatomic markers, while clusters of 4 to 5 markers tracked each segment during dynamic trials.
Data Processing and Statistical Analysis
Commercial software (Visual3D; C-Motion) was used to process raw data, filtering target and force data at 8 and 20 Hz, respectively. Rigid-body analysis and inversedynamics postprocessing were conducted to obtain kinematic and kinetic variables of the lower limbs. Frontal plane trunk motion was calculated with regard to the pelvis, whereas sagittal plane kinematics were calculated with respect to the laboratory's coordinate system to derive trunk position without the influence of pelvic tilt. Initial contact (IC) was determined using force plate data (threshold of 15 N for the vertical vector), and the early landing phase of the DJ task was defined as the time from IC until the first peak vGRF obtained from the respective force plates (Figure 1 ).
Variables of interest included normalized values for the peak vGRF (% body weight [BW]), knee angles in the frontal and sagittal planes at IC and at peak vGRF (thereby providing the excursion of joint motion during the early landing phase), as well as sagittal and frontal plane external knee joint moments at peak vGRF, normalized to body mass. Each participant's age, height, weight, and body mass index (BMI) were also registered, as well as their perceived fatigue rating, trunk angle at IC and peak vGRF, and the time from IC to peak vGRF.
Mixed-model, full-factorial analysis of variance (ANOVA) was used to analyze each kinematic and kinetic outcome variable. The between-subject explanatory variable used was sex, and the within-subject explanatory variables were right versus left limb, pre-versus postfatigue, and trial repetition (within-subject data). Post hoc testing was conducted where appropriate using Tukey-Kramer adjustments. Standardized effect sizes (ESs) are presented with 95% CIs for effects of interest, where ES is defined as d/SD (d ¼ differences of estimated least square means of the mixed-model ANOVA; SD ¼ SD within for within-subject comparison and SD ¼ SD between for between-subject comparison). The sample size in this study has an 80% statistical power to detect an ES of 0.52 for betweensubject comparison and an ES of 0.37 for within-subject comparison. Pearson product-moment correlation coefficients were calculated to evaluate associations between kinematic and force plate variables. Alpha was set at 0.05.
RESULTS
No differences were found between boys and girls for mean age, height, weight, BMI, or fatigue rating (Table 1) . A total of 109 (94%) participants were identified as rightleg dominant.
Vertical Ground Reaction Force
The first peak vGRF occurred at a mean (±SD) 60.5 ± 25. 
Sagittal Plane Joint Motion and Moments
A significant sex Â fatigue interaction was seen for knee flexion angle at IC (P ¼ .014) and at peak vGRF (P ¼ .005). Fatigue led to a slightly greater increase in knee flexion angles at IC for girls than boys, and while fatigue also led to a greater knee flexion angle at peak vGRF for boys, the angle decreased for girls. Thereby, a fatigue-induced reduction in knee flexion excursion during the landing phase was more pronounced for girls than for boys (6.1 vs 1. . A weak but statistically significant negative correlation was found between the first peak vGRF and knee flexion excursion across all participants, stronger within the group of girls (r ¼ -0.20; P < .001) compared with the group of boys (r ¼ À0.08; P < .05), and this difference between the sexes reached statistical significance (P ¼ .007). Similarly, a moderate negative correlation was found between the first peak vGRF and trunk flexion excursion across all participants (r ¼ À0.37; P < .001).
Although main effects demonstrated an overall greater knee flexion moment at peak vGRF for girls compared with boys (P < .001) and for the right compared with left knee (P < .001), a significant sex Â limb interaction was seen due to greater interlimb difference in the knee flexion moment demonstrated by boys than girls (P ¼ .036) (Figure 4) . A main effect of fatigue was demonstrated by a significant reduction of the knee flexion moment after the fatigue protocol (0.69 ± 0.60 vs 0.62 ± 0.66 NÁm/kg; P < .001, ES ¼ 0.57 [95% CI, 0.31-0.83]).
Frontal Plane Joint Motion and Moments
Overall, there was a main effect of sex with respect to frontal plane knee angles at IC (P < .001, ES ¼ 0.63 [95% CI, 0.26-1.00]) as girls demonstrated a slight valgus of 0.5 ± 5.5 but boys a slight varus of 2.0 ± 4.6 . Overall, participants demonstrated a side-to-side difference in that the left knee was in slightly greater varus than the right knee; a difference of 1.2 ± 1.1 (P < .001, ES ¼ 1.15 [95% CI, 0.89-1.41]). Fatigue had no effect on frontal plane knee angles at IC and no interactions were observed. However, knee joint excursion (from IC to peak vGRF) was significantly affected by fatigue (P ¼ .016, ES ¼ 0.32 [95% CI, 0.06-0.58]) across both limbs. Before fatigue, participants generally demonstrated an excursion toward varus (mean ± SD, 0.2 ± 4.2 ), but after the fatigue protocol, this shifted toward valgus excursion (0.2 ± 4.1 ). On average, the frontal plane trunk angle was 0.1 ± 4.3 toward the left at IC and 0.1 ± 4.3
toward the right at the first peak vGRF. No main effects or interactions were found, and no correlations were found between the first peak vGRF and frontal plane trunk angles for the left (r ¼ 0.01; P ¼ .846) or right side (r ¼ À0.06; P ¼ .056). A sex Â limb interaction (P < .001) was found for frontal plane knee moments at the first peak vGRF, as demonstrated by the much greater interlimb difference found for girls than boys ( Figure 5 ).
DISCUSSION
The aim of the study was to identify sex-dependent differences in biomechanical parameters during the early landing phase of a DJ performed by athletic children and assess the effect of fatigue on those outcomes. The main results of the study demonstrated dissimilar interlimb loading patterns between boys and girls. While both sexes applied greater forces through the right limb, boys showed significantly greater right than left loading in the sagittal plane but girls in the frontal plane, as demonstrated by knee joint moments. The fatigue intervention affected girls more than boys during this early phase of landing, with diminished knee flexion excursion and a tendency for increased peak vGRF. Greater knee and trunk flexion excursion were associated with lower vGRF values, reflecting the important role of sagittal plane motion in dissipating forces during this dynamic task. Importantly, the duration of the defined early landing phase (from IC to the first peak vGRF) was compatible with estimated timing of noncontact ACL injury. 16, 18, 20 Overall, self-reported scores indicated that participants experienced moderate fatigue after the protocol.
Vertical Ground Reaction Force
Ineffective shock absorption and biomechanical alterations caused by fatigue has been suggested to increase the risk of ACL injury. 34 Overall, girls demonstrated higher values for the first peak vGRF than boys (by 8.1%), which is in accordance with the results of Kernozek et al 15 for peak vGRF during single-limb landing in an older cohort. The main effect of limb seen for the vGRF may represent an overall right limb preference during landing and/or frontal plane trunk control, both considered risk factors for ACL injury.
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Fatigue led to a significantly greater first peak vGRF and a trend toward greater effects on girls than boys (Figure 2) , which is an important consideration within the context of ACL injury risk and incidence. Studies involving mature males and females have shown conflicting results; there was no effect of fatigue during single-limb landing, 15 or either increased 2 or decreased 39 peak vGRF for the complete stance phase of a DJ. In addition to age and maturation, the discrepancy may be due to a different focus with respect to timing or different methods used to induce fatigue. Notably, James et al 14 showed that fatigue may lead to a significant increase in the first peak vGRF while lowering the second peak.
Sagittal Plane Joint Motion and Moments
The degree of knee flexion at IC seen overall for boys and girls was generally greater than reported for adults. 25, 42 The results of the present study support previous reports associating greater knee flexion excursion with lower peak vGRF, 38 in particular for females, which is in tune with the notion that sagittal plane motion and strength of extensor muscles are important for absorbing forces through the lower limb. 7 Girls demonstrated a marked decrease in knee flexion excursion after the fatigue intervention (Figure 3) , which may indicate a less efficient postfatigue shock absorption strategy, in particular when considering the limited trunk flexion excursion used by girls compared with boys. Smith et al 39 showed the same sex Â fatigue interaction for knee flexion excursion. No main effect of sex was seen for knee flexion angle at IC, which is in contrast to a recent study involving adolescents 13 but in line with another on prepubertal and pubertal children 7 and adults. 22 One might have expected the greater postfatigue peak vGRF to result in overall greater external knee flexion moments, but quite the opposite was seen. A likely explanation is the slight increase in trunk flexion demonstrated, possibly in response to quadriceps fatigue, which would move their center of mass forward and result in a shift of moments from the knee to the hips. 4, 21 Such a response to fatigue has been reported previously. 15 The sex Â limb interaction demonstrated a greater difference between right versus left knee flexion moment for boys than girls (Figure 4 ). Knee flexion angles were quite symmetrical during landing and therefore the greater knee flexion moments that boys demonstrated on the right versus left side result from interlimb differences in forces traveling up the chain. Frontal plane positioning of the trunk might influence the degree of relative weightbearing, but such a strategy was not indicated by the kinematic trunk data.
Frontal Plane Joint Motion and Moments
The knee has limited motion in a purely frontal plane and excursions would be expected to be small during the early landing phase that is the focus of this study. Furthermore, when the degree of variability is relatively large, as seen for this cohort, the resulting mean values are small and confidence intervals large. Nonetheless, a slight difference was seen between boys and girls with respect to varus versus valgus frontal plane angles at IC. This may reflect structural differences that are recognized for adults during DJ performance, 8 but may be present even in the prepubertal and pubertal years. 7 Degree of excursion during the early landing phase was generally similar for boys and girls, and the prefatigue varus excursion is generally in agreement with results of Holden et al 13 for adolescents, although they found that varus excursion was greater for males. The clinical significance of the small differences seen in the present study may be called into question, but the results indicated that fatigue generally resulted in a greater inclination to move toward knee valgus, which is generally associated with ACL injury risk. 9 In the absence of valgus collapse, the resultant GRF vectors will be oriented medially, toward the center of mass, and frontal plane knee moments during DJ performance might therefore be expected to be varus, bilaterally. The difference in right versus left frontal plane moments of girls was particularly striking, and similar results have not previously been reported to our knowledge. The large valgus moment seen on the right may not only reflect their tendency to place more loading onto the right limb, as reflected by the vGRF, but also other factors influencing landing during weight acceptance, such as timing of events for each limb and rate trunk motion.
Strengths and Limitations
The study results must be viewed and interpreted in light of the fact that participants' movement patterns varied considerably, as is to be expected as during this period children develop at different rates, both with respect to physical structure and athletic ability. However, the large numbers in each group and number of repeated trials give ample statistical power, and therefore, differences between the sexes and effects of fatigue do emerge. Participants were children, which may affect the consistency of their performance, as they are still developing motor control and athletic skills. The cohort may be considered representative for physically active children of this age group, although we did not collect information regarding years of sports participation. Pubertal stage was not determined, and some children may therefore have been commencing puberty. Participants were verbally encouraged during the fatigue protocol, and the mean NRS indeed indicates that participants were generally closer to exhaustion than no fatigue at all. Their youth may have affected their willingness to exert themselves and the reliability of self-reported fatigue ratings, as demonstrated by the range of scores after the progressive fatigue protocol, but ratings of perceived exertion are considered a good indicator for the training load this age group experiences. 31 Furthermore, although the focus on the first peak vGRF during the early landing phase of the DJ task is important from an injury perspective, it is unusual and therefore there were few publications to contrast the results with. Most have assessed the peak values that occur later during the stance phase, which may not be strongly associated with those that occur during the first 100 ms. Although interlimb comparison involved right versus left rather than dominant versus nondominant limb, the right leg has been shown to be the dominant one in over 93% of cases, 41 which is consistent with the 94% seen in our cohort. Further studies are needed to assess the effects of specific training to reduce limb asymmetry of factors associated with ACL injury during the early landing phase and whether greater symmetry results in lower incidence of ACL rupture.
In conclusion, landing strategies differed between young male and female athletes, as reflected by the magnitude of interlimb loading observed in the frontal (girls) and sagittal (boys) planes. Notably, fatigue led to greater trunk and knee flexion at IC and lower knee flexion moments at peak vGRF, which may be considered positive from an injury risk perspective. However, the effect of fatigue on girls may give cause for some concern, in light of the increase in vGRF, decreased knee flexion excursion, minimal trunk excursion, and a landing strategy characterized by limb asymmetry in the frontal plane. The differences identified indicate that specific sports training to reduce risk of serious knee injury may have a role at an earlier age than current practice suggests, in particular for females. Sports training of children should encourage symmetrical loading during jumping maneuvers, and injury prevention training may also be introduced to athletes in a fatigued state.
